In this work we will present measurements that show clear features of electrode interactions. Our data have been obtained using a mechanically controllable break junction ͑MCB͒. Our findings on strong adhesion forces and anomalous high corrugations are in agreement with recent theory and previous scanning-tunnelingmicroscopy studies. The power of a MCB lies in its high stability, providing the opportunity to observe very subtle effects appearing in the measured tunnel current.
I. INTRODUCTION
One of the most powerful instruments in physics today is the scanning tunneling microscope ͑STM͒. During the past decade it has been widely applied to obtain spectroscopic and topographic information on ͑semi-͒conducting materials. For the usual tip-sample separations of ϳ10 Å, the tunnel current (I) as a function of distance (z) is given by the Tersoff-Haman ͑TH͒ approach. 1 However, if the distance between tip and sample drops below ϳ7 Å, an increasing overlap of the wave functions causes this independent-electrode approximation to break down. Interactions between the two electrodes of the tunnel junction should then be taken into account, showing that the dependence of current (I) on electrode spacing (z) can deviate significantly from the TH approximation. In this paper, we will focus on some of the phenomena encountered at small electrode spacings, say 2 Å Յzр7 Å, using a mechanically controllable break ͑MCB͒ junction. 2 For very small separations (р3 Å͒ we observed clear indications of strong adhesion forces, as previously reported by Dürig et al., 3 and recently by Krans et al. 4 At somewhat larger distances ͑3 Åрzр7 Å͒, where the effect of the adhesion forces mentioned above is negligible, we observed another striking effect of electrode interactions. The simple metals we investigated ͑e.g., Al and Au͒ showed anomalously high corrugations, which increased as the spacing decreased ͑see also Ref. 5͒. Similar observations on laminar materials, such as graphite, have successfully been explained by invoking elastic deformations of the surface due to adhesion forces. This model can, however, not be applied to flat simple metal surfaces, because the effect of adhesion forces is negligible at these separations, as stated above. Starting from a more realistic description of the potential between the electrodes, Tekman and Ciraci derived an effective barrier which varies along the surface. This model turns out to give a rather good explanation for the corrugations observed.
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II. EXPERIMENT
Our experimental setup is described in detail elsewhere ͑see Refs. 7 and 8͒. Thin wires ͑50-100 m͒ of the sample material were glued to a bending beam ͑a phosphor bronze plate covered with an insulating layer͒ at two points separated by 0.3-0.5 mm. The wires were notched by 80-90 % in between the gluing points. The break was established after the system had been pumped to vacuum and cooled down to 4.2 K, thus providing two clean surfaces. Breaking the sample causes inelastic deformations, resulting in contraction of the electrodes, which become negligible only after 2-3 h. 7 After this ''relaxation'' time, the drift of the contact ͑tunnel͒ resistance R T is in general well below 2% within the typical measuring time ͑5-10 min͒.
The contact can be brought into the tunneling regime by a differential screw with an estimated accuracy of 2-3 Å. A piezodriver was used for fine tuning and measuring I(z) characteristics from the common STM regime (R T ϳ1 -10 G⍀͒ up to the stable one-atom point contact. The resistance value of this contact, ϳ13 k⍀ for Al and Au and a value twice as low for Pt ͑-Ir͒, 4 corresponds to ''one quantum ͑two quanta͒ of conductance'' (Ӎh/2e
2 ). 9 Only contacts which displayed a clear ''jump'' to a stable one-atom point contact were examined. In that case the electrodes can be represented fairly well by two metallic slabs with a front atom on one of them. This kind of model for a tip-sample configuration has often been used in theoretical calculations describing the tunnel characteristics. 6, [10] [11] [12] Because of its rigid configuration, a MCB is extremely stable compared to a STM. I(z) curves with negligible noise can be taken at a slow rate, so that we can observe even subtle effects due to electrode-electrode interactions. For the same reason, it also has a major drawback. In principle a MCB has no lateral scanning abilities like a STM. Recently, we managed to do limited line scanning over several atomic distances without losing stability. To this end one of the wire ends had been glued to a small shear piezo, while the other PHYSICAL REVIEW B 15 JANUARY 1996-I VOLUME 53, NUMBER 3 53 0163-1829/96/53͑3͒/1072͑4͒/$06.00 1072 © 1996 The American Physical Society one was supported by a piece of insulating material. By applying a voltage to the shear piezo, the electrodes ͑wire ends͒ move laterally with respect to each other. In this way the tunnel current ͑or resistance͒ can be measured as a function of the lateral position of the electrodes with respect to each other. The interpretation of these data is a matter of discussion, and will be returned to in Sec. III.
Another disadvantage compared to a STM is the difficulty of calibrating the distance of piezovoltage ratio. For the z direction ͑piezodriver͒ this ratio strongly depends on bending angle of the bending beam and the shape of the electrodes close to the contact. The magnitude of the bending angle depends on the stage at which the sample breaks. This, in turn, depends on the notch, the mounting, and the sample material. However, once the sample has been broken, the bending angle is fairly constant. Based on the geometry and material parameters of the bending beam and the sample, we estimated the deviation from linear proportionality of z 0 /V piezo to be less than 0.0001% for variations of a few ten nanometers of the electrode spacing. 7 In practice we estimate distances by choosing a fixed point and then calculate the distance with respect to that point by means of the following formula giving the dependence of tunnel current (I) on electrode-electrode separation (z):
where A and B are constants, V b is the applied bias voltage, and k 0 is the inverse decay length of the electrode material.
As the fixed point we choose the onset of the deviation from the simple exponential in I(z) curves. In our measurements this always occurs around R T ϭ1 M⍀. From several other papers we can conclude that this should correspond to an electrode spacing of ϳ3 Å. 3, 4, 14 
III. RESULTS AND DISCUSSION
Strong adhesion forces between the electrodes become clearly visible at separations of ϳ3 Å. 3 A plot of R T versus V piezo ͑distance͒, shows a stronger than exponential dependence when the separation drops below this value. 4 Figure 1 shows a clear deviation from the exponential dependence. As the distance decreases, the forces increase, reaching a critical separation at which the electrode-electrode configuration becomes mechanically unstable. Smith et al. calculated that an avalanche due to the strong adhesion would lead to contact within 100 fs. 15 This has been observed by us, and was previously reported in Refs. 3, 4, and 16, as a ''jump to contact.'' Moreover, this instability does not depend on the stability of the instrument supporting the junction. The avalanche is inevitable, even in the very rigid MCB configu- ration. The critical separation depends on the wire material and is estimated to vary from 1.5 Å ͑e.g., Pt͒ to 1.9 Å ͑e.g., Au and Al͒, in agreement with our observations. 15, 14, 17 Based on geometrical arguments, it is expected that a tiplike ͑sharp͒ electrode is stiffer than a samplelike ͑flat͒ electrode. This means that, in STM, surface atoms of the sample will jump toward the tip. 15 Using the mounted shear piezo, we measured the tunnel resistance (R T ) as a function of lateral displacement on several materials ͓Pt͑-Ir͒, Au, and Al͔. The measurements presented in this paper were taken without any feedback employed. The variation in log(R T ) is a convolution of the topography of the two electrode surfaces, because of its linear dependence on electrode spacing (z). The linearity holds for distances exceeding ϳ3 Å. Below this value the interpretation is no longer valid due to the strong adhesion forces, which change the simple linear relation dramatically, as shown. If one electrode is much sharper than the opposite one, the convolution of the surfaces is that of a relatively smooth function with a delta function, like the tip and sample in STM. This is already the case in a tunnel junction consisting of two metallic slabs separated by an insulator ͑e.g., vacuum͒, in which on one of the slabs an atom is sticking out of the surface by half its radius. This led us to believe that if there is a small flat part on an otherwise rather rough electrode surface ͑inherent on MCB͒, the opposite electrode is acting like a tip in that area.
Relatively flat parts on the surface could be found on Al, Au, and Pt. Due to the higher relaxation rate for softer materials, it was easier to find flat parts on Au and Al than on Pt. Occasionally, we recorded line scans on Au and Al which were atomically flat over 6 -8 atomic distances. The best we found for Pt, was a variation in height of ϳ2 atomic diameters over about eight atomic distances. Line scans on Au and Al are presented in Figs. 2 and 3 . A line scan on Pt is shown elsewhere. 7 Figure 2 is another demonstration of the presence of strong adhesion forces and the occurrence of the avalanche effect. After line scanning a certain area, indicated by the solid line in panel ͑a͒, I(z) characteristics ͓panel ͑b͔͒ were measured on the spot marked by the arrow in panel ͑a͒. As the electrodes approach each other, we again observe a stronger than exponential dependence of R T ͑or current I T ) on electrode separation (z), starting at ϳ3 Å (ϭ1 M⍀). After the jump to contact, we immediately reversed the motion of the z-piezodriver, as to pull the electrodes apart. In spite of this quick reversion, a large hysteresis and a jump-off contact to an electrode separation of ϳ2.5 Å instead of ϳ2 Å are observed. The dashed line in the left panel shows a line scan of the same area as before, but taken after the I(z) measurements. On the spot where the electrodes formed an atomic point contact, a hillock has arisen. Taking into account hysteresis in the piezomaterial of the z driver is a far from sufficient explanation, because we determined it to be negligibly small, 7 and it can in no way be related to the arising of a hillock. A schematic description of the hysteresis effect and the arising of the hillock can be found in Ref. 18 . In the avalanche, an atom of the flat electrode is pulled towards the sharper tiplike electrode. In retracting the electrodes a small conduction channel ͑a so-called neck 18 ͒ of one atom point contact wide is maintained between the electrodes, due to the strong adhesion. Eventually the neck breaks, leaving a hillock on the samplelike electrode. After this neck pulling, an I(z) curve back and forth on the spot of the hillock will show no hysteresis, in agreement with the stiffness of two pointlike electrodes. Figure 3 shows line scans on Au and Al, taken at several values of R T , i.e., several electrode spacings. For each line scan, the logarithmically plotted variation in R T can directly be interpreted as the corrugation of the metal surface, because of the earlier mentioned linear relation between log(R T ) and z. As the separation decreases, the corrugation increases, going to very large variations in height for small electrode spacings. Anomalously high corrugations on Al One decade in resistance corresponds to ϳ1 Å, and at 1 M⍀ the separation is ϳ3 Å. To emphasize the stability of the MCB, it makes no difference if we plot all the data points or make a line plot as is done here ͑to reduce printing time͒. These measurements were taken at 4.2 K in a vacuum environment with a 100-mV bias voltage.
͑Ref. 5͒ and Au ͑Ref. 19͒ have previously been reported. Because the lateral resolution is not affected, the changing corrugation is probably not of a geometrical nature. An enhancement in corrugation due to elastic deformation of the electrodes, which was quite successful with regard to laminar materials, was put into question by Tekman and Ciraci. 6, 10 They calculated the tunnel current starting from a realistic potential, by including tip-sample interactions ͑ion-ion and electron-ion͒. This yields an effective barrier ( eff ), which holds for small tip-sample separations (р7 Å͒, where the TH approximation 1 breaks down. It is found that eff does not collapse, so that the charge transport is carried by a tunnel current even at very small distances. The most striking feature of this effective barrier is its site dependence, which accounts for the anomalous height and distance dependence of the corrugations observed.
In Fig. 4 the corrugation versus electrode spacing has been plotted. A fit to the data results in a linear function. This is in agreement with theory and has previously been shown in experiments by Wintterlin et al. 5 Some rewriting of Eq. ͑1͒ gives
⌬ is a corrugation, k t and k h are the apparent inverse decay lengths above a top and a hollow site, respectively, k 0 is the inverse decay length of the electrode material, and z 0 is the electrode-electrode separation. All the parameters on the right-hand side are constant except for z 0 . At z 0 Ӎ2.5 Å a corrugation of ϳ0.3 Å is predicted for Al͑111͒, 6 in agreement with previous observations. 5 At z 0 Ӎ2 Å the corrugation is predicted to invert, but due to the mechanical instability it will be difficult to observe this. In fact we have not been able to scan surfaces for separations smaller than ϳ3 Å, without making contact and thereby changing the geometry of the electrodes. For Al, a fairly good agreement with the predictions of Refs. 6 and 10, and the observations in Ref. 5, is found. It was pointed out by Schuster et al. that corrugations on Au could be as large as 0.8 -1.0 Å. 19 The maximum value we observed yields ϳ0.8 Å.
IV. CONCLUSIONS
The stability of a MCB makes this instrument suitable for detailed investigations on small variations due to mechanical and electrical interactions on an atomic scale. Force effects and anomalous corrugations previously observed in STM experiments were clearly revealed by measurements in our highly stable MCB configuration. Although the MCB has only a limited scanning capability, its inherent rigidity makes it a useful complementary instrument to the STM, to study the tunneling phenomenon in detail. FIG. 4 . The corrugation as a function of electrode spacing for Al and Au. The corrugation has been determined using the highestlying atoms of each line scan in Fig. 3 . The lines are a fit to the data. For Al, only the four points coinciding with the line have been included in the fitting procedure. For Au, the line is a fit to all data points. The large errors stem from our estimation of the ''fixed'' point ͑1 M⍀ϳ3 Å͒ and the uncertainty in the work function.
